Sediments are considered to be the ultimate sink for most contaminants and therefore pose the highest risk to these aquatic environments. This paper presents the levels of metals in sediments from Richards Bay Harbour, 20 years after the construction of the harbour and studied spatial and temporal, as well as the proportion of the bioavailable metal fraction. Sediment samples were collected from nine sites in Richards Bay Harbour. Sequential extractions of metals were carried out and samples were analysed for aluminium, chromium, copper, iron, manganese and zinc. Metal concentrations in sediment samples varied only slightly between seasons but showed significant spatial variation, which was significantly correlated to sediment particle size composition. Highest metal concentrations were found in sites with substrata dominated by fine mud. Manganese and Zn had more than 50% of this concentrated in the easily reducible fractions. Zinc concentrations were not elevated when compared to historic data. More than 70% of Cr was concentrated in the inert fractions nevertheless concentrations recorded at some sites were still above action levels when considering only the bioavailable fractions.
Introduction
In recent years there has been growing concern over increased contamination of estuaries and harbours from a variety of anthropogenic sources (Gümgüm et al., 1994) . Reduced circulation and dispersion of sediment-bound contaminants following dredging activities in harbours make them especially susceptible to contamination (Henry et al., 1989) . Heavy metals and hydrocarbons are of particular concern, due to the nature of the activities taking place in these systems. A survey of five major harbours in South Africa., showed that in four of them (Richards Bay Harbour being one), one or more of the trace metals occurred at levels greater than normal background levels (Henry et al., 1989) . This is cause for concern, especially in light of the fact that Richards Bay Harbour serves as an important sheltered refuge, nursery, and feeding ground for numerous marine organisms (Forbes et al., 1996) . Indeed previous studies on bioaccumulation of metals in tissue of mullet from Richards Bay Harbour and the adjacent Mhlahtuze Estuary indicated that there were elevated metal levels in the environment (Vermeulen and Wepener, 1999; Mzimela et al., 2003) . However, very few data are available on metal concentrations in Richards Bay Harbour sediments and the changes in these concentrations over the years since the harbour was constructed in 1976.
Sediments are considered to be the ultimate sink for many contaminants and therefore pose the highest risk to the aquatic environment as a source of pollution (Bervoets et al., 1994; Williamson et al., 1996) . However, chemical processes at the sediment-water interface are complex and consideration must be given to the physico-chemical characteristics of the sediment, such as grain size and percentage organic content, which strongly influence the availability of contaminants (Forbes and Forbes, 1994) . In addition, sediments may serve as a secondary source of pollution should variables such as pH, salinity, temperature, redox potential or ionic strength change, resulting in the release of bound contaminants back into solution (Coetzee, 1993; Dickinson et al., 1996; Baeyens et al., 2003) . This is especially important in the zone of mixing where metals may be depleted from sediments due to processes of desorption as a result of increased turbidity, pH and complex recirculation patterns characteristic of estuarine and near-shore marine environments.
The mobility and bioavailability of metals in sediments strongly depend on the mineralogical and chemical forms in which they occur (Baeyens et al., 2003) . It is therefore necessary to study these different forms rather than the total metal concentrations to obtain an indication of the bioavailability of metals. Since the early 1980s and 1990s sequential extraction methodologies have been developed to determine speciation of metals in sediments (Tessier et al., 1979; Coetzee, 1993) . The speciation approach looks at the distribution of metals over the various sedimentary substrates, e.g. carbonates, iron and manganese oxihydroxides, organic matter, silicate, sulphides, etc. (Baeyens et al. 2003) .
The aims of this study were threefold. Firstly, to determine the levels of selected metals in sediment samples 20 years after the construction of Richards Bay Harbour. Secondly to determine whether these concentrations vary seasonally and /or spatially and thirdly, what proportion of the metals measured are in the bioavailable fractions following the application of the fivephase extraction procedure described by Tessier et al. (1979) .
Materials and methods

Sampling procedures
Sampling sites were selected to cover the different habitat types occurring in Richards Bay Harbour. sediments were collected at nine sites on a seasonal basis between April 1996 and December 1997 (Fig. 1) . Sediment samples were collected using a Van Veen grab. Care was taken to ensure complete closure of the jaws. In order to eliminate possible contamination from the metal construction of the grab sampler, sub-samples were taken from the centre of the grab sample with a fluorocarbon plastic tube (USEPA, 1992) . Surface samples (top 10 cm 100 mm of core as well as the compacted fine ooze just above the surface) were transferred into polyethylene vessels and stored at -60ºC pending analyses. All samples were analysed within six months of collection (ASTM, 2000) . Sub-samples for analysis of grain size and organic content were preserved in 4% formalin. The Marine Geosciences Unit at the University of Natal, Durban did grain size analysis, using a settling tube to measure settling velocities (sand fraction only). For organic content, triplicate sub-samples were oven dried at 60 o C for 24 h to remove any moisture and then weighed. Samples were then incinerated at 600 o C for a minimum of 6 h. Percentage organic content was determined by reweighing after incineration.
Preparation for metal analysis
Sediment samples for total metal content were weighed, and dried for 24 h at 60 o C. Samples were then wet digested using nitric acid to perchloric acid ratio of 2:1, and made up to 50 mℓ using doubly-distilled water. For sediment extractions the wet equivalent of 1 g sediment was used after moisture content had been determined. Sequential extraction was done on sediment samples according to the methods of Tessier et al. (1979) . All samples were analysed in triplicate. We do not present the detailed methodology in this paper since it is given by (Coetzee, 1993) but summary of this five-phase extraction method is presented in Fig. 2 . Aluminium (Al), chromium (Cr), copper (Cu), iron (Fe), manganese (Mn) and zinc (Zn) in total sediments and sediment fractions were measured by flame furnace atomic absorption spectrophotometry using a Varian SpectrAA 50B spectrophotometer fitted with a deuterium arc background corrector. Calibration was carried out using matrix matched calibration standards. Analytical accuracy was determined using Standard Reference Material (SRM) of the National Bureau of Standards: Buffalo River sediment (SRM 2704). Recoveries were within 6% of the certified values. Arsenic, cadmium, lead and mercury concentrations were found to be below detection limits (0.1 mg/ kg) and have therefore been omitted.
Statistical analysis
Data were analysed for spatial and temporal variations using two-way ANOVA and the relationship between metal concentrations, water physico-chemical characteristics and grain size were analysed by Spearman's Rank Correlation analysis and Principle Component Analysis (Zar, 1996) . Significance levels of tests were taken as p ≤ 0.05.
Results and discussion
Seasonal variations in concentrations of all six metals in surface sediments were only slight (p>0.05). All except Cr, were highest in autumn and spring (Fig. 3) . Chromium concentrations were the highest in winter. Aluminium (F=3.49, p<0.05) and Mn (F= 3.57, p<0 .05) concentrations were significantly less in summer ( Fig. 3 and Fig. 4 ). 
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Sediment characteristics allow for accumulation and integration of metal discharges over time (Thompson et al., 1984; Tsai et al., 2003) . Sediment analysis may therefore provide important geographical information on contaminant inputs into an aquatic ecosystem such as Richards Bay Harbour (Long and Chapman, 1985) . There were significant spatial variations in concentrations of all six metals in the sediment (Figs. 3 and 4). Aluminium (F=17.92; p<0.01), Cu (F=13.36; p<0.01), Fe (F=10.06; p<0.01) and Mn (F=15.91; p<0.01) concentrations were significantly lower at Sites 3, 5, 7 and 9. Chromium (F=7.07; p<0.01) and Zn (F=5.45; p<0.01) concentrations at Sites 3, 5, 7 and 9 were significantly less than Sites 4 and 6. In general, all six metals were the highest at Site 6. The main sources of metal contamination are therefore at Sites 1, 2, 4, 6 and 8. Sites 4, 6 and 8 are all related to handling of metal products at the loading terminals and in the main shipping channel. Sites 1 and 2 are related to runoff from industry upstream in the Bhizolo Channel.
Many factors influence the accumulation and bioavailability of metals in sediments. Concentrations and variability observed may be due to other abiotic factors such as the physico-chemical properties of the overlying water and/ or variability in sediment composition (Magnusson et al., 1996) . Metal concentrations in sediments showed positive correlations to conductivity (r=0.41; p<0.01) and salinity (r=0.43; p<0.01). This may explain the consistently low metal concentrations at Site 9, which has significantly lower salinity and conductivity than the remaining sites. However, it does not account for variability observed in sediment metal concentrations at the different sites. Tables 1 and 2 give the sediment analysis for each site and Fig. 5 is the graphic representation of PCA for this analysis, showing the location of samples as defined by grain size and sediment metal concentrations. The two axis of the PCA plot explains 72% of the variation in metal concentrations in sediments from Richards Bay Harbour. Percentage organic content (r=0.59; p<0.01) and percentage mud (r=0.75; p<0.01) showed strong positive correlations to metal concentrations. The sites with the highest mud and organic content (i.e. Sites 4, 6 and 8) also had the highest metal concentrations. These results were expected since it is well documented that metal concentrations increase in regions that are dominated by fine particular matter (Zhou et al., 2003; Håkanson et al., 2004) .
Total metal concentrations do not necessarily reflect bioavailability (Coetzee, 1993; Thompson et al., 1984) . Sequential extraction gives some indication of the availability of the metals. Results should however be viewed as a reflection of the metals behaviour rather than for the existence of any defined phases (Coetzee, 1993) . Tables 3 and 4 give the results of seasonal and spatial variation in metal concentrations found in the different fractions (F1 to F5). As the metal concentrations increase from fractions 1 to 5 the metals become less bioavailable and therefore fractions 1 to 3 are regarded as the mobile fractions. If a high percentage of the metal occurs in these fractions it may be a sign of potential pollution due to the greater mobility and thus indirectly greater bioavailability (Usero et al., 1998) . Pempkowiak et al. (1999) did indeed find that metal bioaccumulation in two bivalve species from the Norwegian and Baltic seas were related to metal concentrations predominating in the mobile phase of sediments. Fraction 5 is the inert fraction and is an indication of the naturally occurring inert metals (Coetzee, 1993) . The greatest percentage of the metals was associated with the last, inert fraction, when the crystalline silicate structures are destroyed. More than 60% of Mn and 40% of Zn is associated with fractions 1-3 (the more mobile ones) in the muddy sediments while the predominantly sandy sediments (Sites 3, 5, 7 and 9) contained more than half of the metals in the refractory, last fraction. For both these metals, over 50% was found in one of the three available fractions. Studies are currently underway in Richards Bay Harbour to assess the relationship between metal bioavailability, benthic infaunal community structure, metal bioaccumulation in benthic invertebrates and sediment toxicity. Concentrations of Cr, Fe and Mn in sediments were high when compared to concentrations reported in other South African harbours (Henry et al., 1989) . The concentrations of Cu and Zn were very similar to total concentrations in Pearl River Estuary (Liu et al., 2003) , whilst they were lower when compared to Cu and Zn from the polluted Naples (Adomo et al., 2005) and Barcelona harbours (Guerva-Riva et al., 2004) . However Cr and Mn levels were very similar to those recorded in the latter studies. The concentrations of Al and Fe in Barcelona Harbour (Guerva-Riva et al., 2004) were nearly an order of magnitude greater than those measured in Richards Bay Harbour. Table 5 presents historical and current data for concentrations of metals in Richards Bay Harbour. Unfortunately Al has not been monitored before. Metals that have been monitored show a considerable increase since the construction of the harbour in the mid 1970s. The concentrations measured in this study were comparable to those found by Archibald and Parsons (1998) who did a once-off survey of a few sites in Richards Bay Harbour. Comparison of these values with South African guideline or action levels, indicate that the majority of the sites are above these levels for Cr and that Sites 4, 6 and 8 are above these action limits for Cu and Zn as well. The action levels presented in Table 5 are the more stringent action or concern levels. However, it must be borne in mind that the Cr concentrations are predominantly in the inert fractions 4 and 5 and would thus have a low risk of being taken up by organisms. It is 
Sites
Total Al concentration (mg/kg) 1,3,5,7,9 * 1,3,5,7,9 * 1,3,5,7,9
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only the Zn concentrations that may be a cause for concern since the greatest percentage of metals are bound to the bioavailable fraction. However, when one considers the pre-harbour construction period (Cloete and Oliff, 1976) then Zn concentrations are very similar to those reported in this study. Richards Bay Harbour is the largest harbour in South Africa and handles double the annual tonnage of all of the other harbours combined. It has the capacity to develop into the one of the largest harbours in the world since only 40% of the available land has been developed (NPA, 2005) . With envisaged increased development, dredging activities and disposal of dredged material will produce changes in oxic and anoxic conditions, which may in turn affect metal mobility. The information provided in terms of potential for metal mobilisation would be useful for waste management decision making. The application of sequential extraction as an evaluation tool in sediment assessment has been proposed for Flemish waterways (Van Ryssen et al., 1999) . Although the results from this study are based on historical data, they can already provide an indication of the potential for metal mobilisation, bioavailability and ultimately toxicity in Richards Bay Harbour.
Conclusions
Metal concentrations in the sediment varied only slightly between seasons. Sediment concentrations showed significant spatial variation, which was strongly correlated to sediment composition. Highest metal concentrations were found at Sites 4, 6, and 8. However, only Mn and Zn had more than 50% of this concentrated in the available fractions. Zinc is however not high when compared to historic data. On the other hand, despite the fact that more than 70% of Cr is concentrated in the inert fraction of sediments, concentrations recorded at Site 6 are still above action levels. The main concerns are therefore Mn, Zn and Cr and in particular, site 6. Sediments in the vicinity of Site 6 are the most contaminated. Due to the potential for ongoing development in the harbour measures need to be taken to address the potential for secondary pollution of this area through the disturbance of these contaminated sediments. 
